The development and application of physiologically based pharmacokinetic (PBPK) models in chemical toxicology have grown steadily since their emergence in the 1980s. However, critical evaluation of PBPK models to support public health decision-making across federal agencies has thus far occurred for only a few environmental chemicals. In order to encourage decision-makers to embrace the critical role of PBPK modeling in risk assessment, several important challenges require immediate attention from the modeling community. The objective of this contemporary review is to highlight 3 of these challenges, including: (1) difficulties in recruiting peer reviewers with appropriate modeling expertise and experience; (2) lack of confidence in PBPK models for which no tissue/plasma concentration data exist for model evaluation; and (3) lack of transferability across modeling platforms. Several recommendations for addressing these 3 issues are provided to initiate dialog among members of the PBPK modeling community, as these issues must be overcome for the field of PBPK modeling to advance and for PBPK models to be more routinely applied in support of public health decision-making.
A HISTORY OF PBPK MODELING
Physiologically based pharmacokinetic (PBPK) modeling is a valuable tool that arose from the recognition that concentrations of chemicals at target tissues are more predictive of biological responses than are external doses (US EPA, 2006; WHO, 2010) . PBPK models have been applied to organize and integrate mechanistic data, to generate hypotheses and to drive new experimental studies (Abaci and Shuler, 2015; Claassen et al., 2015; Bachler et al, 2013) , to characterize physiological and pharmacokinetic variability and uncertainty Beaudouin et al., 2010; Bois et al., 2010; Fierens et al., 2016; (Kenyon et al., 2016) , to extrapolate across species, life stages, exposure routes and timing (Andersen et al., 1987; Gentry et al., 2017a; Shankaran et al., 2013; Weijs et al., 2012; Yoon and Clewell, 2016) , and to interpret biomonitoring data or epidemiologic studies (Brown et al., 2015; McNally et al., 2012; Verner et al., 2015) . The number of published PBPK models has increased significantly over the past 3 decades. A literature search conducted in July 2017, using the PubMed database with search terms "PBPK OR physiologically based AND pharmacokinetic OR toxicokinetic", revealed that the first published PBPK models were primarily developed for pharmaceutical compounds in the 1970s, followed by those for environmental chemicals in the mid1980s (Figure 1 ). Although the number of published models for environmental chemicals quickly outnumbered those for drugs, the latter has recently seen a sharp increase (Figure 1 ). Of the 1313 references describing PBPK models from 1977 to 2016, the majority involved environmental chemicals (65%), followed by drugs (31%), with the remaining 4% involving endogenous compounds (eg, monoclonal antibodies, small peptides).
CURRENT STATUS OF PBPK MODELING IN DECISION-MAKING PRACTICES
Analysis of the extent to which PBPK modeling is currently incorporated into federal level decision-making can shed light on the level of interest in applying PBPK models in the public health arena. The Federal Register (FR) publishes rules, proposed rules, and notices from federal agencies in an effort to inform the public of changes to government policies and guidelines. Thus, the listings found in the FR can serve as a barometer for evaluating recent public health actions involving PBPK models across the federal agencies.
A search of the FR in July 2017 in the repositories Regulations.gov and HeinOnline, using the search term "PBPK" with options for "proposed rules, final rules, other, and supporting material", returned 314 related documents spanning from 1988 to 2017 (Table 1) . Nearly a quarter of these documents were published either by the U.S. Food and Drug Administration (FDA) or by the U.S. Environmental Protection Agency (EPA). A majority of the identified documents for each agency, other than the Occupational Safety and Health Administration (OSHA), did not involve rulemaking. In addition, many PBPKrelated FR entries for some agencies, such as the Agency for Toxic Substances and Disease Registry (ATSDR), referred to the PBPK modeling efforts conducted by other agencies.
Several FR documents alluded to PBPK modeling in the context of precluding its use in risk assessment due to the limitations and uncertainties perceived or inherent in model development and/or application. For example, a FR document issued by the EPA concluded that a published PBPK model for perchlorate cannot be used when establishing a maximum contaminant level in drinking water due to issues such as inconsistencies in model code, lack of inclusion of a sensitive population, and uncertainties in animal-to-human extrapolation (FR, 2016a) . Reasons listed in this example along with other reasons, such as low confidence in a model's capability to characterize intra-species variability or to extrapolate to conditions in which no data exist for evaluation, represent some common concerns raised by risk assessors.
The EPA is 1 of the 2 agencies that issued the most PBPKrelated FR entries (Table 1) , with 25 of the 81 entries relating to either proposed or final rules for nearly 40 environmental chemicals. Since 2014, PBPK modeling has been central to risk assessment for several chemicals as suggested by the FR notices that requested experts in PBPK modeling. For example, the Office of Water requested reviewers with extensive PBPK modeling experience for evaluation of perfluorooctanoic acid and perfluorooctane sulfonate (FR, 2014) , as well as perchlorate (FR, 2016b) . The Integrated Risk Information System (IRIS) program requested peer reviewers with expert knowledge of PBPK modeling to act as members of the Science Advisory Board committee for assessing health risks from exposure to hexahydro-1, 3, 5-trinitro-1, 3, 5-triazine (FR, 2016c), as well as exposure to tert-butyl alcohol, and ethyl tertiary butyl ether (FR, 2016d) . In another example, under the Toxic Substances Control Act, a rule was proposed to regulate vapor degreasing that involved acute risk assessment of trichloroethylene, based on PBPKderived hazard values (FR, 2017) .
The observation that only few PBPK-related FR documents involve the direct applications of PBPK modeling in risk assessment suggests that even though public health agencies acknowledge the potential benefits offered by PBPK modeling, many barriers still exist to the adoption and application of these models to support decision-making. To further explore these barriers, a query was conducted in July 2017 within EPA's IRIS program (https://www.epa.gov/iris; last accessed December 7, 2017) using the keywords "PBPK" OR "PBTK" (TK stands for toxicokinetic) to review how PBPK modeling was used or not used in risk assessment. It was found that 50 out of the 511 (approximately 10%) available records reference PBPK modeling. In total, 9 of the 50 records involved the use of PBPK models to derive reference dose and/or reference concentration values (eg, for trichloroethylene, methanol, vinyl chloride), mainly through converting animal points of departure to equivalent human exposure levels, or extrapolating from one exposure route to another. Three records used PBPK models indirectly as in risk assessment (https://cfpub.epa.gov/ncea/iris/iris_documents/ documents/toxreviews/0020tr.pdf; last accessed December 7, 2017;  https://cfpub.epa.gov/ncea/iris/iris_documents/documents/toxreviews/0270tr.pdf; last accessed December 7, 2017; https://cfpub.epa.gov/ncea/iris/iris_documents/documents/toxreviews/1011tr.pdf; last accessed December 7, 2017), such as comparing model predictions with a calculated no-observedadverse-effect-level in the case of xylene. Twenty records suggested that PBPK models may be used to support risk assessment in the future when they become available. Eighteen records concluded that existing PBPK models were inappropriate for use by the agency. The reasons behind these conclusions varied, but primarily involved (1) inadequate model structure or parameterization for proper route-to-route or interspecies extrapolation; (2) inadequate description of the pharmacokinetics of active metabolites; and (3) the lack of human timeconcentration data necessary for model evaluation.
In addition to supporting the derivation of guidance levels, considerable research efforts have occurred within federal agencies into the development and application of PBPK models in improving risk assessment (Chiu et al., 2009; Chiu and Ginsberg, 2011; DeWoskin et al., 2013; Huang et al., 2013; Jones et al., 2015; Leonard et al., 2016; Leong et al., 2012; McLanahan et al., 2012; Worley et al., 2017; Zhao et al., 2011) . PBPK models are also being applied to provide insight into potential health concerns from site-specific exposures to environmental chemicals. For example, in response to community concerns about benzene exposures in Corpus Christi, Texas, ATSDR re-coded a published PBPK model (Yokley et al., 2006) to predict internal dose metrics (Mumtaz et al., 2012; Ruiz et al., 2011) from various inhalation exposure scenarios. Results from this model led to the conclusion that the internal dose metric from seasonal residential exposure is 2 orders of magnitude lower than that at the level of the chronic inhalation minimal risk level and at the occupational exposure level (ATSDR, 2016) .
The large gap between the numbers of PBPK-related publications (approximately 1300 from searches in PubMed) and FR notices or IRIS registries (<400) may be due to several factors. First, PBPK models developed for specific academic purposes are often not directly usable by public health agencies because model scope, assumptions, and inputs/outputs are not tailored to the specific needs of these agencies. Second, thorough vetting of model structure, biological characterization, parameter values, computational implementation, and predictive capabilities are required by public health agencies reviewing these models (McLanahan et al., 2012; US EPA, 2006; WHO, 2010) due to the significant impacts the use of such models might have on public health decisions. Third, expertise in pharmacokinetic or PBPK modeling concepts is often scarce within the public health agencies. In this contemporary review, 3 specific issues that were identified within this workshop are discussed in the following sections.
KEY ISSUE 1: CHALLENGES IN MODEL REVIEW
Application of PBPK models offers great potential for informing critical decisions related to public health concerns, but decision-makers who are interested in applying these models often encounter significant challenges in model review.
1. A shortage of individuals with sufficient training to shepherd a modeling project from problem formulation and biological characterization, through model development and coding, to applications in risk assessment . 2. A shortage of independent reviewers with sufficient expertise and experience in PBPK modeling and risk assessment to adequately evaluate, in a timely manner, the validity of conclusions based on PBPK modeling . 3. A lack of consistent or standardized review or submission processes existing across different agencies .
Very few academic programs offer a curriculum that includes PBPK modeling and application, though some limited training opportunities do exist through specialized workshops (eg, Colorado State University, Kansas State University, University of Buffalo, Virginia Commonwealth University, ScitoVation). Such alternative training options, however, typically do not fit within a traditional academic paradigm and are often inaccessible to students in graduate training programs. Additionally, limited federal grant funding to support PBPK modeling research in academia deters sustainable growth of this field. Some software companies also offer training to allow users to become familiarized with their products (eg, GastroPlus, Simcyp, MATLAB). The Biological Modeling Specialty Section (BMSS) of the Society of Toxicology has also offered webinars over the past few years, especially in regards to the many platforms available for PBPK modeling. In addition to training, harmonized templates for model submission and review could provide a standardized process for model review, thus reducing burden on reviewers, and in turn, increasing the likelihood of model adoption at public health agencies. Some suggested considerations to be included in these templates are presented in further detail below.
It is imperative that when submitting a model for review, the modelers clearly identify the scope of the model, the domain for which the model has been calibrated, the type of assessment supported by the model (eg, route extrapolation or species extrapolation), and sensitivity of model parameters in order to allow reviewers to evaluate the appropriateness of model structure, parameterization, and applications US FDA, 2016) . In addition, a summary of basic model characteristics should be provided to describe the species, chemical, age/life stage, exposure scenarios, and target organs. A graphic conceptual schematic of the model design is helpful for visually depicting model compartments, routes of administration/exposure and excretion, and chemical transport and transformation that occur within the biological organism. Additionally, annotation within the code and related datasets (eg, values and sources of model parameters) should indicate how different parameter sets correspond to their respective simulated scenarios (eg, routes, species). Ultimately, the submission documentation should contain sufficient information to allow reviewers and risk assessors to understand model assumptions, independently reproduce simulations, and evaluate the quality of the analysis and validity of the resulting conclusions (Loizou et al., 2008) .
Model code or model equations should be provided in order to increase transparency and ensure that independent reproduction of simulations is possible (Peng, 2009 (Peng, , 2011 . Reproducibility is a common challenge in PBPK modeling and other computational scientific endeavors (Peng, 2009 (Peng, , 2011 , since a study report/manuscript rarely includes all mathematical equations or details sufficient to recreate those equations. Increased attention to model quality and documentation would significantly enhance the ability of students, reviewers, and users to understand how the model was developed, refined, and applied to reach specific conclusions (Clark et al., 2004) . Furthermore, careful documentation and quality control will also render the model more apt to be repurposed for other applications and by other users.
KEY ISSUE 2: LACK OF CONFIDENCE IN MODEL EXTRAPOLATION
PBPK modeling has been recognized as a scientifically sound tool for replacing default extrapolation factors (3.16Â for interspecies pharmacokinetic uncertainty and 3.16Â for intraspecies pharmacokinetic uncertainty (US EPA, 2014) that are commonly applied in the derivation of reference values (Martin et al., 2013; Poet et al., 2016; Thompson et al., 2008; US EPA, 2006; Valcke and Krishnan, 2014) . When little or no human in vivo data are available to evaluate the concordance between model predictions and observed data, risk assessors are faced with the challenge of defending their use of human PBPK models developed using in vivo and in vitro animal data, and sometimes, in vitro human data (Bois et al., 2017; DeWoskin et al., 2013; El-Masri et al., 2016) .
This challenge can be illustrated using a recent example in which the FDA evaluated bisphenol A (BPA) toxicity using PBPK modeling (https://www.fda.gov/downloads/NewsEvents/ PublicHealthFocus/UCM424266.pdf; last accessed August 16, 2017). Several PBPK models available for BPA were developed based on pharmacokinetic studies carried out with rats and nonhuman primates Yang et al., 2013 . These animal models were then scaled to humans to predict time profiles for unconjugated BPA (the biologically active form), without the benefit of human data (Edginton and Ritter, 2009; Fisher et al., 2011; Mielke and Gundert-Remy, 2009; Teeguarden et al., 2005) . However, these human models were later found to overestimate C max and slightly underestimate systemic clearance of BPA serum concentrations measured in humans, and modest recalibration of the models was required to fit the human data ( Figure 9 in .
To investigate further the common nature of this challenge, published human models were extracted from a PBPK knowledgebase that contains publications for approximately 300 PBPK models (Lu et al., 2016) for review. Using the query terms: ["human" AND "rat" OR "mouse" OR "dog" OR "monkey" OR "rabbit" OR "guinea pig" OR "sheep" OR "pig" OR "cow" OR "hamster" OR "horse"] returned 145 publications. In total 15 of the 145 articles were excluded because they did not contain human models, with 5 of them referenced future development of a human model and 10 referenced previously published human models.
The remaining 130 publications that contained both animal and human models were reviewed by the authors and further divided into the following 3 groups: (1) articles in which no human in vivo time-concentration or time-response data was available for comparing to model predictions (n ¼ 40); (2) articles in which human in vivo time-concentration or time-response data are used to calibrate human models (n ¼ 46); and (3) articles in which model predictions agreed with available human in vivo time-concentration or time-response data, thus requiring no additional calibration of human models (n ¼ 44).
The studies in group 1 represent primarily academic exercises that applied human PBPK models to understand the pharmacokinetic behavior of a chemical (Crowell et al., 2011; Shin et al., 2011; Teeguarden et al., 2008) . In those papers where human time-concentration or time-response data were available (groups 2 and 3), similar numbers of publications were found between those required human data for optimizing parameters to align predictions more closely with observations (group 2) and those simply used human data to demonstrate concordance between model predictions and data without further adjustment to model parameters (group 3). Our review of the articles in groups 2 and 3 revealed that when a model structure relies more on empirical data (group 2), additional fitting of model parameters is often required when conducting animalto-human extrapolation.
Most published studies in group 2 used a "top-down" modeling approach, in which various biochemical processes were lumped to present the simplest model structure that was capable of reproducing available time-concentration data (Hudachek and Gustafson, 2013; Poet et al., 2004; Sterner et al., 2013) . For example, adjusting 1 clearance rate may be sufficient to fit model predictions to rat plasma concentration data. Such an approach is common when the purpose of a study is to organize mechanistic data and present the current state of knowledge regarding the pharmacokinetic behaviors of a chemical. The simplicity of the model structure may negate the need to conduct additional studies to characterize PK processes, but it often requires recalibration of a human model when human data are available, as differences in some physiological or biochemical processes between species cannot be captured by a single parameter (eg, metabolism rate or absorption rate).
In contrast, many published studies in group 3 developed human PBPK models through a "bottom-up" approach (Loccisano et al., 2011; Xia et al., 2012; Watanabe et al., 2009) . The model structure for such an approach is based more on a mechanistic understanding of PK processes, and values of model parameters are often derived from in vitro or in silico methods, as opposed to calibrated using in vivo data. Mechanistic-based model parameters, such as tissue-specific expression levels of enzymes or multi-compartmental absorption rates, allow for incorporating intraspecies variability into the model. In some cases, Monte Carlo analysis has been used to quantify the impacts of intraspecies variability on model outputs by providing a distribution of model outputs rather than point estimates (Bois and Brochot, 2016; Gentry et al., 2017b; Strikwold et al., 2017; Worley et al., 2017) . Also, simple allometric scaling from animals to humans was shown in several studies in group 3 to be adequate to construct a human version of the PBPK model without further adjustment of parameters, especially for volatile organic compounds (Pelekis and Emond, 2009; Reitz et al., 1996) .
Over time, the risk assessment paradigm has shifted away from use of traditional whole animal toxicity testing due to advancements in molecular biology, toxicology, and computing. As a result, the scientific community has developed in vitro and in silico methods that are more efficient and effective, and less expensive, for assessing human health risks posed by exposure to environmental chemicals (Krewski et al., 2010) . In light of this shifting paradigm, the PBPK modeling community is also reassessing traditional modeling approaches that are based on in vivo animal data, and starting to explore the use of in vitro and in silico technologies capable of more efficiently generating PBPK models. By no means does this require a complete reinventing of modeling approaches, as in vivo data are still essential for evaluating the predictive capability of a PBPK model. The sophistication of PBPK models will continue to increase with incorporation of, and integration with, emerging data such as omics, protein transporters, and pharmacodynamic models (Abaci and Shuler, 2015; Andersen et al., 2017; Hamon et al., 2014; Kuepfer et al., 2016) . These advancements, at the same time, create additional challenges for decision-makers attempting to apply these models in risk assessment, especially when evaluating models in the absence of in vivo data.
KEY ISSUE 3: LACK OF TRANSFERABILITY ACROSS MODELING PLATFORMS
The choice of computing platforms for PBPK modelers is primarily based on the preference or familiarity of model developers. The growing number of platform choices for coding PBPK models (Kuepfer et al., 2016; Poggesi et al., 2014) is an obstacle that hinders the review of models for public health applications, as reviewers require knowledge of both the model and the software used to develop the model. Another issue the PBPK modeling community has routinely faced is that models coded in legacy software platforms may need to be recoded in a different program or may not be accessible. [http://www.scitovation.com/plethem.html; last accessed December 2, 2017]), and each is designed for a specific purpose, such as postmodeling processing (eg, sensitivity analysis) or generating high throughput in silico predictions. A library that summarizes various platforms and their functionalities would be useful for informing modelers and decision-makers which platform options are best suited for PBPK modeling projects with specific applications. Additionally, generic and consistent data exchange conventions can allow a model developed on 1 platform to be exported and run on a different platform that is familiar to the reviewers. The use of such a data exchange format, such as extensible markup language (XML), coupled with formal ontologies can further improve model documentation, verification, and translation (McLanahan et al., 2012) .
CONCLUSIONS AND FUTURE DIRECTIONS
To protect and promote public health, there is a growing interest among public health agencies in incorporating computational tools, such as PBPK modeling, into research and activities involved in the evaluation of chemical safety. The path forward to advance methods relevant for regulation of chemicals is a 2-way street, requiring input and guidance from regulators as well as PBPK model practitioners. There are demonstrated barriers to the acceptance of PBPK modeling in support of public health decision-making. Although the current review focuses on examples within the United States, the barriers discussed herein are pertinent to modelers and risk assessors in other countries. For example, a survey completed by 93 individuals from 19 countries raises similar concerns, including: (1) lack of expertise in PBPK modeling and applications in public health agencies; (2) lack of data for model validation; (3) lack of user friendly software for non-programmers; and (4) difference in acceptance criteria between agencies and countries . Some barriers are inherent to the development or application of PBPK models, and some are perceived by risk assessors who are not familiar with PBPK modeling. Recommendations to improve training for both model developers and reviewers, as well as to develop templates to facilitate submission and review of PBPK models, offer hope for addressing these various challenges. A model submission template that requests elucidation of model scope and purposes could also encourage data collectors and modelers to engage risk assessors during the early stage of model development to ensure that the final model is designed to meet the specific needs of those risk assessors. Such engagement should also improve communication by making model results and interpretation more understandable for risk assessors.
There is ongoing discussion and collaboration amongst the computational modeling community regarding incorporation of increasingly sophisticated techniques for improved model parameterization and extrapolation that does not rely on in vivo data. For example, coupling in vitro metabolism data with enzyme ontogeny data can be used to estimate age-dependent in vivo clearance rates. These new techniques, combined with more frequent and open communication of the model development process, pave the way for incorporating models with varying degrees of sophistication in different risk assessment applications, such as screening chemicals for further testing or estimating data-derived extrapolation factors. With explicit documentation detailing the caveats of these different tiers of models, risk assessors can determine the most appropriate application of these models, without having to wait decades for an extensively characterized model suited to 1 specific risk assessment purpose. As more applications are being accepted to support risk assessment, PBPK modeling is likely to be applied more frequently as a quantitative tool to characterize the impact of PK on dose-response assessment. Furthermore, closer interactions between modelers and risk assessors will facilitate prioritization of future model development based on the capacity of existing models to address the needs of regulatory and nonregulatory assessment of risks posed by environmental chemicals.
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